The BED assay was developed to estimate the proportion of recent HIV infections in a population. We used the BED assay as a proxy for acute infection to quantify the associated risk of mother-tochild-transmission (MTCT) during pregnancy and delivery.
Introduction
Primary infection [1] [2] [3] [4] [5] [6] [7] [8] is characterized by elevated viral load [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] which is a strong risk factor for sexual transmission 15 and all modes of mother-to-child transmission (MTCT) of HIV. 19 We recently reported data from the ZVITAMBO vitamin A trial demonstrating that breastfeeding-associated HIV transmission was 2.9-4.6 times higher among mothers who seroconverted post-natally compared with mothers who were already infected at delivery. Among 17 mothers who were seroconverted during delivery (i.e. their blood tested negative by HIV ELISA but positive by HIV RNA PCR), 75% of their infants died or became infected by 9 months post-partum. 20 Thus within ZVITAMBO, maternal seroconversion during the intra-partum and post-natal periods was associated with high risk of MTCT.
Reports have been inconsistent, however, regarding whether maternal seroconversion during pregnancy increases in utero MTCT. [21] [22] [23] [24] It is important to understand whether primary HIV infection during pregnancy increases transmission risk: firstly, because the risk of HIV acquisition may be higher during pregnancy than non-pregnancy; [25] [26] [27] secondly, to strengthen HIV prevention messages targeting reproductive-aged couples; and lastly, to determine whether repeat HIV testing and screening of antenatal women is warranted.
Within the ZVITAMBO trial we previously noted that women testing HIV-negative were younger and were more educated than those testing HIV-positive. Moreover, we noted that among HIV-positive women, those who transmitted in utero were younger, were more educated and also had a higher CD4 cell count than those who transmitted intra-partum or post-natally. 28 We hypothesized that the group that transmitted in utero may have included a large number of women who seroconverted during pregnancy. We used the BED capture enzyme-immunoassay (henceforth BED), a technically simple and relatively cheap assay, to measure plasma concentration of HIV-specific antibodies (IgG) that increase with time following primary infection. Individuals presenting with 'low' (<0.8) normalized optical density (ODn) values on BED are likely to have been infected within the past half year. 29 Although the BED assay was designed to estimate the proportion of recently acquired HIV at the population level, in this analysis we used BED in combination with CD4 cell count as a proxy for acute infection to distinguish HIV-positive women who were likely to have acquired HIV during pregnancy from chronically infected women. We then compared in utero and intra-partum transmission rates between these groups to estimate the risk of in utero and intrapartum MTCT associated with primary HIV infection during pregnancy.
Methods
The ZVITAMBO project protocol and primary outcomes have been reported elsewhere. [28] [29] [30] [31] In brief, 14 110 mother-infant dyads were enrolled within 96 h of delivery between November 1997 and January 2000. Mother-infant pairs were eligible if both were free of acutely life-threatening conditions, the baby was a singleton with birth weight 51500 g and the mother planned to stay in Harare after delivery. Written informed consent was obtained.
Baseline data were collected by interview, medical record transcription or direct measurement. Gestational age was estimated using the Capurro method. 32 Infant birthweight and maternal mid-upper arm circumference (MUAC) were measured using published methods. 33 Mother-infant pairs were followed up at 6 weeks, 3 months and then every 3 months to 12 or 24 months. The trial preceded availability of HIV testing and anti-retroviral prophylaxis for antenatal women in Harare public sector facilities.
Laboratory procedures
At baseline, all mothers were tested for HIV using an algorithm that included two parallel enzyme-linked immunosorbent assays [ From infants born to HIV-positive mothers, cell pellets (Roche Diagnostics Systems, Alameda, CA, USA) and plasma were prepared from whole blood collected at baseline and follow-up visits and stored at -708C. Following all patient contact, the last available sample from each infant was tested [pellet by Roche Amplicor version 1.5 qualitative DNA PCR assay (Roche Diagnostic Systems) for samples collected prior to 18 months; serum by GeneScreen ELISA for samples collected after 18 months]. If this sample was negative, the child was classified as HIV-negative; if it was positive, then earlier samples were tested to determine timing of infection.
The 
Statistical analysis
Infant HIV infection groups HIV-exposed children were classified into one of three HIV status groups: (i) in utero infected (infanttested PCR-positive at baseline), (ii) intra-partum infected (infant-tested PCR-negative at baseline and PCR-positive at 6 weeks) and (iii) not infected at 6 weeks (infant-tested PCR-negative at 6 weeks or later). 34 Maternal likelihood of recent seroconversion We used the BED assay together with CD4 cell count to categorize HIV-1-positive women according to their likelihood of having acquired HIV during pregnancy. Recently-infected individuals are likely to present with low BED values (ODn < 0.8) 29 and relatively high CD4 cell counts, Figure 1 . 35 People with advanced stage HIV-1 may also present with low BED readings, 36 but they usually have low CD4 cell counts. On fitting multinomial logistic regression models using three outcome levels, it was found that there was a significant interaction term (P-value ¼ 0.03) between BED and CD4 cell count as continuous variables. We categorized women according to their BED and CD4 cell count values informed by this significant interaction term and the natural history of HIV infection as illustrated in Figure 1 . severe end-stage infection where BED declines due to depressed antibody production), Table 3 .
The primary comparison was between group 1 and each of groups 4 and 5. We performed sensitivity analysis by combining groups (1 and 2) and (1, 2 and 3), and comparing these new groups with combined group (4 and 5). We assessed the effect of missing CD4 cell count data by comparing models with complete data with models where CD4 was imputed. 37 Maternal age, MUAC, Hb and plasma viral load were used to estimate for missing CD4 cell counts.
The data were analysed in STATA release 10 (STATACORP version 10; College Station, TX). Baseline characteristics were compared across infant infection status categories using ANOVA for continuous variables, except in the case of extreme non-normal variables where a Kruskal-Wallis test was used. Chi-squared tests were used for categorical variables. To compare the risk of in utero and intra-partum infection between recent infection and chronic infection, we fitted both unadjusted and adjusted multinomial logistic regression models, using three outcome levels namely in utero, intra-partum or PCR-negative at 6 weeks. We adjusted for maternal factors: Hb level, MUAC, age, education, mode of delivery and duration from rupture of membranes to delivery. We also adjusted for the infant's gender, gestational age and birthweight. We did not adjust for maternal viral load since the main question of interest was whether in utero or intra-partum transmission was associated with incident infection during pregnancy. Estimates were reported with 95% CIs.
Results
A total of 4495 women enrolled in the ZVITAMBO trial tested HIV positive at baseline; 382 and 508 of their neonates were infected during the in utero and intra-partum periods, respectively, 2883 tested PCR-negative at 6 weeks and the remainder (722) had an undefined or missing HIV status. As previously reported, mothers who transmitted HIV during the in utero period were younger and had better education than mothers who transmitted intra-partum or who did not transmit by 6 weeks, and mothers transmitting in utero had higher CD4 cell counts than mothers who transmitted intra-partum. A new finding not previously published, is that the in utero group also had higher plasma viral load (despite having higher CD4) compared with the intra-partum group, Table 1 . Infants not included in the analysis due to missing timing of HIV infection had a lower mean birthweight (2.83 vs 2.93 kg), were born slightly earlier (gestational age 38.9 vs 39.2 weeks), their mothers had lower median CD4 cell count (382 vs 403 cells/ml) and their mothers' plasma viral load was higher (log 10 4.20 vs 3.99 copies/ml) compared with infants included in the analysis.
Maternal baseline factors and BED assay results
Of the 4495 HIV-positive mothers, 4466 had a baseline BED reading and 509 (11%) of these had a low BED (<0.8 ODn) reading. Compared with mothers with BED values 50.8, mothers with a low BED were younger, had better education and higher CD4 cell counts (Table 2 ). Viral load values were more widely distributed among women with low BED readings than in those with high BED readings (IQR ¼ 3.26-4.71 compared with 3.39-4.57). Similarly, the proportion of women with both undetectable viral load (<2.6 log 10 ) and very high viral load (44.6 log 10 ) was greater among women with low BED readings.
Risk of in utero and intra-partum transmission according to BED and CD4 cell count Among chronically infected women (BED 5 0.8/ CD4 5 350), 156 (9.1%) of their neonates tested PCR positive at birth compared with 34 (13.4 %) among women described as recently infected (BED < 0.8/CD4 5 350), Table 3 . Among women with BED 5 0.8/CD4 5 200 (a more liberal definition of chronic infection), 225 (9.1%) neonates tested PCR positive at birth, and this percentage hardly changed (275 or 9.4%) when BED 5 0.8 readings irrespective of CD4 count were considered. Among women with BED < 0.8/CD4 5 200, a broader definition of recent infections, 48 (14.9%) neonates tested PCR positive at birth. In the intra-partum groups, 180 (10.5%) and 19 (7.5%) were classified in the chronic and recently infected groups, respectively, and these percentages hardly changed when different definitions of chronic and recent infections were used.
In unadjusted models, a low BED (<0.8) reading was a risk factor for in utero transmission (OR ¼ Based on multiple adjusted models, the odds of intra-partum infection ranged from 12% (95% CI À127; 66%) to 23% (-28; 54%) lower in recently infected women when compared with chronically infected, although the variances of the estimates were large. When the recently infected group (4 and 5) was compared with the two definitions of chronically infected groups (1 and 2; and 1, 2 and 3) in sensitivity analysis, the odds were 0.69 (95% CI 0.43-1.07; P ¼ 0.10), and 0.60 (95% CI 0.38-0.93; P ¼ 0.03), respectively.
In sensitivity analysis models with imputed CD4 cell count data, the aOR estimates for in utero infection were 2.85 (95% CI 1.55-5.26, P < 0.01) and 1.38 Other factors associated with in utero and intra-partum transmission Other factors that were independently associated with in utero infection in multiple multinomial logistic models were: gender adjusted odds ratio (aOR) 1.56 times for females compared with males, birthweight aOR 0.50, 50% lower odds for every kilogram increase in birthweight, maternal age aOR 0.96, 4% lower odds for a year increase in mother's age, mode of delivery aOR 0.54, 46% less odds for caesarean delivery compared with vaginal deliveries and maternal Hb aOR 0.36, 64% lower odds for HBs 411 mg/dl compared with HBs <7 mg/dl, Table 4 . Gestational age aOR 0.92, 8% lower likelihood of intra-partum infection for a week increase in gestational age, mother's education aOR 0.62, 38% less odds of infection comparing women with 512 years of education with women with 0-7 years spent at school, mode of delivery 0.57, 43% lower odds for intra-partum infection for babies delivered by caesarean section compared with vaginal deliveries, prolonged duration of rupture of membranes aOR 1.49 times higher odds of infection intra-partum for duration of rupture to delivery of 54 h compared with periods of <4 h and maternal HBs aOR 0.39, 61% lower odds for HBs 411 mg/dl compared with <7 g/dl.
Discussion
Maternal acute HIV infection during the post-partum period has been associated with increased risk of MTCT in breastfeeding populations. 11, 20, 38, 39 Although 50-90% of individuals with primary HIV infections do present with symptomatic seroconversion illnesses, their symptoms are usually non-specific and are similar to many common febrile illnesses, with pregnancy further clouding the issue. [40] [41] [42] Most 34, 43 It is thus likely that in utero transmission will contribute proportionately more to total MTCT compared with other transmission times. 44, 45 Women with low BED reading and a moderate CD4 cell count were more likely to transmit to their unborn children than women with high BED and high CD4 cell count (aOR ¼ 2.64, P < 0.01), although the effect for women with a low BED reading and high CD4 cell count was smaller (aOR ¼ 1.37, P ¼ 0.14). Reproductive-aged women should be educated about this higher risk of transmitting to their unborn child associated with seroconversion during pregnancy. 17 We have previously reported a 2.90-4.60 times increased risk of post-natal MTCT among breastfed children if the mother seroconverted during this period. 20 This risk is much higher than the 1.37-2.64 times risk reported here, suggesting that the transmission risk associated with maternal primary infection may be lower for placental than breastfeeding-associated transmissions. This is further supported by the fact that intra-partum and post-natal transmissions individually contribute more to total MTCT where anti-retroviral treatment is not available. 31, 44 We acknowledge that our interpretation of HIV duration and severity for each BED/CD4 group is imperfect and may have resulted in misclassification, especially among women with BED < 0.8 and CD4 200-350, whose risk of in utero transmission was higher than that of chronically infected women. We judged that this combination of BED and CD4 cell count values reflected the nadir in CD4 count that occurs during the acute phase of HIV infection and therefore classified these women as having been recently infected. However, this BED/CD4 combination may also reflect a period of advanced disease when antibody production is depressed, but CD4 count has not yet dropped below 200. If any women in this BED < 0.8/CD4 200 < 350 group were truly chronically infected, our estimate of excess in utero transmission risk due to maternal primary infection during pregnancy would have been biased towards the null if the misclassified women had a lower risk compared with the truly acutely infected women.
In our previous publication, the infant death or infection rate among the 17 women whose blood sample near delivery tested HIV ELISA negative but HIV RNA PCR positive was 75%; clearly mothers who deliver during HIV seroconversion (when HIV antibodies remain undetectable and viral load is extremely high) are at very high risk of peri-partum transmission. 20 In this report, women likely to have acquired HIV infection during pregnancy, based on their BED/ CD4 group, were not at increased risk of intra-partum transmission compared with chronically infected women. Indeed, our risk estimates of intra-partum infection were consistently lower for women classified as recently infected compared with chronically infected women although all OR CIs overlapped 1 except in one comparison. This is probably because all the women included in the current report tested positive for HIV-antibodies at delivery, indicating they had completed the brief 'window period' of the ELISA assay (when HIV antibodies are undetectable but viral load is very high) and were now in a much lower risk period of early asymptomatic disease characterized by high antibody, high CD4, low viral concentrations.
In sensitivity analysis models with imputed CD4 cell count, adjusted estimates for in utero and intrapartum infections were consistent with those obtained with observed data, although they had smaller CIs (i.e. smaller standard errors).
Similar to other studies, the risk for in utero infection was inversely related with birthweight, with smaller babies at increased risk of infection. 19, 34, 39, 44, 46 It is not clear whether an infected fetus fails to grow properly or fetal growth impairment predisposes the unborn child to increased risk of HIV infection. 44, [47] [48] The proportion of infants with low birthweight was 16% overall in this study, 24% of those infected in in utero, 22% in intra-partum and 14% among infants who tested negative at 6 weeks. Prematurity has been cited as a risk factor for infection because of immature immune systems, permeability of neonatal mucosal barriers and low levels of maternal antibodies which are normally transferred in the latter half of pregnancy. 34, 49, 50 There was a 43-46% lower risk of infection among babies born by caesarean section than those delivered vaginally in both the in utero and intra-partum groups. 1 Prolonged rupture of membranes before delivery resulted in a 50% excess risk in intra-partum infection as reported elsewhere. 34, 39, 44, 48 Among vaginal deliveries in our study, 37% had rupture-ofmembranes-to-delivery durations of 44 h, whereas among emergency caesarean sections, 72% had prolonged rupture of membranes and only 17% among elective caesarean sections. Babies are exposed to cervico-vaginal secretions during prolonged rupture of membranes thus increasing the likelihood of infection. 51 Long duration of ruptured membranes before delivery and low CD4 cell count high viral load have been reported to increase risk of HIV transmission. 39, 52 It is unlikely that elective caesarean sections will ever become the choice of delivery in the most affected HIV regions because of the huge challenges in cost, personnel and equipment. Other efforts to reduce the risk of infection such as reducing viral load have to thus be scaled up in these areas.
Research on optimal and easy-to-apply anti-retroviral treatment protocols should continue.
In conclusion, our findings indicate that the risk of in utero HIV transmission is likely to be greater among women who have their primary HIV infection during pregnancy compared with women who were infected prior to conception. Our estimates of this excess risk ranged from 1.37 (95% CI 0.90-2.08) to 2.64 (95% CI 1.37-5.06), which are lower than the excess risk of transmission during breastfeeding among women who seroconvert during the breastfeeding period. This suggests that the placenta may be a more effective barrier to the high viral load of primary infection than the mammary gland. 
